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Abst ract  

M ic rog rav i t y  o f f e r s  new ways o f  handl iny f l u i d s ,  gases, and growing mammalian 
c e l l s  i n  e f f i c i e n t  suspension cu l tu res .  Some conceptual designs f o r  a zero-g 
fermentor were developed as e a r l y  as 1969. I n  1976 b io reac to r  engineers 
designed another system using a c y l i n d r i c a l  reac to r  vessel i n  which the  c e l l s  
and medium a re  s lowly  mixed. The reac t i on  chamber i s  interchangeable and can 
be used fo r  several  types o f  c e l l  cu l tu res .  NASA has method ica l l y  developed 
unique suspension type c e l l  and recovery apparatus c u l t u r e  systems f o r  b io -  
process technology experiments and product ion o f  b i o l o g i c a l  products i n  
m ic rog rav i t y .  The f i r s t  Space B ioreac tor  has been designed f o r  microproces- 
sor c o n t r o l ,  no gaseous headspace, c i r c u l a t i o n  and resupply o f  c u l t u r e  
medium, and slow mix ing  i n  very low shear reyimes. Various ground-based b io -  
reac to rs  a re  being used t o  t e s t  reac tor  vessel design, on- l ine  sensors, 
e f f e c t s  of shear, n u t r i e n t  supply, and waste removal from cont inuous c u l t u r e  
of human c e l l s  at tached t o  mic rocar r ie rs .  The small (500 ml )  B io reac tor  i s  
being const ructed f o r  f l i g h t  experiments i n  the  S h u t t l e  Middeck t o  v e r i f y  
systems opera t ion  under mic rograv i  t y  cond i t i ons  and t o  measure the e f f i c i e n -  
c i e s  o f  mass t ranspor t ,  gas t rans fe r ,  oxygen consumption and con t ro l  o f  low 
shear s t ress  on c e l l  s. 

I n t  roduct  i on 

For several  decades, many impor tant  pharmaceuticals and o ther  b i o l o g i c a l  pro- 
duc ts  have been obtained from l a r g e  scale c u l t u r e  o f  m ic rob ia l  ce l l s .  How- 
ever, t h e  mass c u l t i v a t i o n  o f  mammalian c e l l s  i s  much more d i f f i c u l t  because 
of t h e i r  d e l i c a t e  nature and t h e i r  s t r i n g e n t  environment requirements (1) . 
I n  fact ,  contemporary c u l t u r e  technology i s  o f t e n  inadequate i n  attempts t o  
p rov ide  t h e  proper  cond i t ions  f o r  optimum human c e l l  growth and c e l l  secre- 
t ions .  Dur ing the  past 10 years the  need f o r  major technologica l  improve- 
ments i n  human c e l l  c u l t u r e  has increased because o f  t h e  expanding demand for 
human c e l l  products, such as hormones, enzymes, i n t e r f e r o n ,  etc. t o  be used 
as pharmaceutical s . 
Increased demand f o r  l a r g e  numbers o f  c e l l s  f o r  v i r u s  and cancer research has 
a l s o  added impetus t o  develop p r a c t i c a l  systems f o r  l a r g e  scale c u l t u r e  of  
mammalian c e l l s .  Some improvements have been made, however, l a r g e  scale cu l -  
t u r e  systems s t i l l  have major problems which make human c e l l  c u l t u r e  very 
d i f f i c u l t  and o f t e n  uneconomical ( 2 ) .  

A grea t  deal of excitement has resu l ted  from the  recent  success i n  t h e  
genet ic  reprogramming of b a c t e r i a l  c e l l s  t o  produce human c e l l  products such 
as growth hormones, human i n s u l i n ,  and i n t e r f e r o n .  However, t he  genet ic 
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engjneer ing o f  very  compl icated molecules i s  s t i l l  several years  from commer- 
c i a l  p r a c t i c a l i t y .  Products a re  s t i l l  contaminated w i t h  b a c t e r i a l  p r o t e i n s  
and DNA fragments producing problems w i t h  a l l e r y e n i c  o r  immune r e a c t i o n s  t o  
t h e  prepara t ion .  To d a t e  o n l y  growth hormone, obtained from g e n e t i c a l l y  
enyineered c e l l s ,  has been approved by t h e  Food and Drug A d m i n i s t r a t i o n .  
Another l i m i t a t i o n  i s  t h e  i n a b i l i t y ,  so f a r ,  t o  g e n e t i c a l l y  code f o r  any 
y l y c o s y l a t e d  p r o t e i n s .  C e r t a i n  human c e l l  products  which may not  be p r a c t i -  
c a l  l y  produced by g e n e t i c  eng ineer ing  remain good candidates f o r  p r o d u c t i o n  
by c u l t u r e  o f  human c e l l s  whenever t h e  t e c h n o l o g i c a l  problems a r e  solved. 
Many diseases i n v o l v i n g  neoplasms, b lood c l o t s ,  hyper tens ion,  anemia, emphy- 
sania, growth d i s o r d e r s  and o t h e r s  a re  now considered t r e a t a b l e  w i t h  pharma- 
c e u t i c a l s  d e r i v e d  from c e l l  c u l t u r e  i f  o n l y  t h e  technology can be improved t o  
make l a r g e  sca le  c u l t u r e s  p r a c t i c a l  ( 3 , 4 )  . 
I n  t h e  NASA b ioprocess ing  l a b o r a t o r i e s  a t  t h e  Johnson Space Center we have 
evaluated severa l  o f  t h e  convent ional  and more recent  methods f o r  c u l t u r i n y  
h m a n  c e l l s .  Our s t u d i e s  invo lved:  1) t h e  d e f i n i t i o n  o f  t h e  environmental  
c o n d i t i o n s  t h a t  must be c o n t r o l l e d  t o  i n s u r e  successful  growth and mainten- 
ance o f  human c e l l s  under m i c r o g r a v i t y  c o n d i t i o n s ,  2) t h e  recovery o f  c u l -  
t u r e d  c e l l s  and c e l l  p roduc ts  f o r  p o s t f l i g h t  research, 3) t h e  i n i t i a l  i s o -  
l a t i o n  o r  f i r s t  s tep  i n  down-stream process ing which may be used as a feeder  
s tep  t o  t h e  p u r i f i c a t i o n  o f  products  by Continuous F1 ow E l e c t r o p h o r e s i s  (CFE) 
o r  R e c i r c u l a t i n g  I s o e l e c t r i c  Focusing (RIEF), and 4 )  t h e  des ign  f e a t u r e s  
which must be i n c l u d e d  t o  m a i n t a i n  p r e c i s e  c o n t r o l  o f  c u l t u r e  c o n d i t i o n s  
under m i c r o g r a v i t y  c o n d i t i o n s  ( 5 ) .  

I n  o r d e r  t h e  des ign proper  c o n t r o l  systems it was e s s e n t i a l  t h a t  we o b t a i n  
performance da ta  on v a r i o u s  component elements o f  t h e  c u l t u r e  apparatus.  
Special  emphasis was placed on designs f o r  f l u i d  hand1 ing ,  temperature d i s -  
t r i b u t i o n ,  gas / l  i q u i d  phase separa t ion ,  etc., under m i c r o g r a v i t y  c o n d i t i o n s .  
We approached these problems by f i  r s t  i d e n t i f y i n g  phys ica l  phenanena and 
o p e r a t i o n a l  p r i n c i p l e s  o f  suspension c u l t u r e  which a r e  y r a v i t y  dependent. 
Then s c i e n t i f i c  workshops were h e l d  t o  determine which phenomena may be 
a l t e r e d  i n  m i c r o g r a v i t y  t o  produce s i g n i f i c a n t  advantages o r  disadvantages i n  
t h e  c u l t u r e  process (6,7). It became apparent t h a t  many phys ica l  and b io -  
phys ica l  i n t e r a c t i o n s  w i t h i n  c e l l  c u l t u r e  systems a r e  p o o r l y  understood. 
Several areas appeared t o  need a d d i t i o n a l  research t o  b e t t e r  understand t h e  
importance of p a r t i c u l a r  phys ica l  i n t e r a c t i o n s  which occur i n  suspension c u l -  
t u r e  systems (see Table l) . 
TABLE 1. CELL CULTURE RELATED RESEARCH AREAS (DATA IS NEEDED BOTH TO 

IMPROVE CULTURE TECHNOLOGY ON EARTH) 

M i c r o g r a v i t y  Re1 a ted  Research Needed: 

Upper 1 i m i t s  o f  shear s t r e s s  on c e l l s  
Minimum shear r e q u i r e d  f o r  adequate m i x i n g  and mass t r a n s p o r t  
Deta i  1 s o f  r e q u i r e d  mic roenv i  ronment surrounding t h e  c e l l  
E f f e c t s  o f  shear on gas t r a n s p o r t  and c e l l  membranes 
A l t e r a t i o n s  ( i f  any) o f  t r a n s p o r t  when bubbles d o n ' t  coa lesce 
Mass t r a n s p o r t  i n  t h e  absence o f  thermal convec t ive  m i x i n g  
Causes f o r  at tachment dependence and c e l l  energy d i v e r t e d  t o  t h i s  b e h a v i o r  
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Eva1 u a t i  ons o f  Earth-based C e l l  C u l t u r e  Systems 

C l a s s i c  i n d u s t r i a l  and research methods o f  growiny human c e l l s  have been 
1 i m i t e d  t o  systems which yrow and m a i n t a i n  c e l l s  i n  a monolayer. Th is  i s  
l a r g e l y  due t o  t h e  anchorage dependence o f  mammalian c e l l s .  It appears t h a t  
v i r t u a l l y  a l l  normal human c e l l s  must be f i rmly  at tached t o  some s u i t a b l e  
s u r f a c e  b e f o r e  they w i l l  grow, m u l t i p l y ,  and e v e n t u a l l y  secre te  any pro- 
ducts.  At tempts t o  yrow l a r g e  numbers o f  c e l l s  i n  t h e  i n s i d e  sur face  o f  
r o l l  e r  bo t  t l  es (8 )  and mu1 t i - p l  a t e  propagators (9 )  has p e r m i t t e d  moderate 
s c a l e  mammal i a n  c e l l  c u l t u r e s .  

Some a d d i t i o n a l  success has been achieved from growth c e l l s  a t tached t o  
s p i r a l  wound membranes and t o  t h e  i n n e r  sur face  o f  hol l o w - f i b e r  d i a l y s i s  
bundles, i n  which n u t r i e n t s  can be supp l ied  th rough t h e  permeable membrane 
f r a n  media c i r c u l a t e d  on t h e  oppos i te  s i d e  o f  t h e  membrane o r  h o l l o w  f i b e r  
(10). However, these techniques a r e  s t i l l  g r e a t l y  r e s t r i c t e d  by poor 
sur face- to -vo l  ume ( c u l t u r e  medium) r a t i o s .  Some o f  t h e  major  problems asso- 
c i a t e d  w i t h  monolayer c u l t u r e s ;  namely, 1) growth i n  o n l y  two dimensions 
( s u r f a c e  area),  2) c e l l  p r o l i f e r a t i o n  l i m i t e d  by d e p l e t i o n  o f  oxygen and 
n u t r i e n t s ,  3) d i f f i c u l t i e s  w i t h  media c i r c u l a t i o n  and volume t o  c e l l  number 
r a t i o s ,  4 )  c e l l / p r o d u c t  recovery,  and 5) con taminat ion  c o n t r o l  a r e  more 
r e a d i l y  so lved by us iny  suspension c u l t u r e .  U n f o r t u n a t e l y ,  almost a l l  human 
c e l l s  o f  pharmaceut ical  i n t e r e s t  grow q u i t e  p o o r l y  i n  modern suspension c u l -  
t u r e  systems. Even when suspension c u l t u r e  o f  mammalian c e l l s  i s  accomp- 
l i s h e d  on a small sca le  t h e  maximum d e n s i t y  of c e l l  s v a r i e s  between 5x105 t o  
3x106 c e l l s  per  cm3. T h i s  c o n c e n t r a t i o n  i s  o rders  o f  magnitude l e s s  than t h e  
number achieved i n  m i c r o b i a l  c u l t u r e s .  Since t h e  amount o f  p roduc t  formed 
under proper  p h y s i o l o g i c a l  c o n d i t i o n s ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number 
o f  t h e  c e l l  s ,  h i g h  c e l l  concent ra t ions  are  c r i t i c a l  t o  successfu l  commerci a1 
c u l t u r e s .  

I n  a d d i t i o n ,  t h e  n e c e s s i t y  t o  m a i n t a i n  t h e  c e l l s  i n  a r a t h e r  d i l u t e  n u t r i e n t  
media a l l o w s  sedimentat ion t o  occur e a s i l y  which i n  t u r n  r e q u i r e s  s t r i n g e n t  
mixing. Of ten  t h e  c e l l s  cannot t o l e r a t e  t h e  severe shear f o r c e s  caused by 
even t h e  bes t  designed a y i t a t i o n  systems. P r o l i f i c  c e l l s  growth i s  a l s o  
l i m i t e d  by t h e  oxygen supply.  Sparging of  a i r  i s  u s u a l l y  t h e  b e s t  method t o  
supply  oxygen, however, t h e  bubbles r i s e  and coalesce so q u i c k l y  t h a t  d i s -  
s o l u t i o n  o f  oxygen i s  o f t e n  incomplete d u r i n g  t h e  bubbles '  b r i e f  res idence i n  
t h  c u l t u r e  media. Vigorous b u b b l i n g  o f  a i r  causes h i g h  shear r a t e s  and t o o  
o f t e n  produces u n c o n t r o l l e d  foaming. Foaming i n  t u r n  c a r r i e s  c e l l s  up o u t  o f  
t h e  suspension where they d r y  ou t  and d ie .  Tox ic  waste products ,  c e l l  f r a g -  
ments, and a u t o l y s i s  enzymes then f a l l  back i n t o  t h e  media where they  po ison 
t h e  c u l t u r e .  S u r f a c t a n t s  can be used t o  reduce foaming, however, t h e i r  
appl i c a t i o n  i s  1 i m i t e d  because they  themselves a r e  d e l e t e r i o u s  t o  1 i v i n g  
c e l l s .  

I n  an at tempt  t o  overcome t h e  sur face  t o  volume disadvantages small (150-180 
mic ron)  Sephadex o r  DEAE c e l l u l o s e  beads were developed as m i c r o c a r r i e r s  f o r  
c u l t u r e d  c e l l s  (11,12). C e l l s  a re  a l lowed t o  a t t a c h  t o  t h e  s u r f a c e  o f  t h e  
bead then t h e  beads a r e  suspended i n  t h e  c u l t u r e  vessel .  T h i s  techn ique 
helped so lve  t h e  at tachment dependence problems o f  human c e l l  c u l t u r e ,  how- 
ever,  t h e  p a r t i c u l a r  s u r f a c e  o f  t h e  bead must g e n e r a l l y  be cus tan  designed t o  
t h e  requi rements o f  t h e  s p e c i f i c  c e l l  t o  be grown. Sometimes t h e  sur face  
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coat ing  a lso  ac ts  as a repos i to ry  f o r  accumulation o f  c e l l  waste products 
which i n  t u r n  l ’ m i t s  c e l l  l onyev i t y .  

We have compared several o f  the new c e l l  c u l t u r e  technologies w i t h  the  we l l  
estab l  i shed mono1 ayer cul t u r e  systems using several types o f  mammal i a n  
c e l l s .  This experience gave i n s i g h t  i n t o  selected features o f  each technique 
which may be combined i n t o  a suspension c u l t u r e  system f o r  mammalian c e l l s .  
We a lso  have tes ted  a l l  o f  t he  commercial m i c r o c a r r i e r  beads (Cytodex, Super- 
beads, etc.) now on the  market, however, sedimentation i s  s t i l l  a problem 
e s p e c i a l l y  a f t e r  the  c e l l s  are attached t o  the  beads. Foaming problems from 
sparginy of oxygen a lso  remain. Often t h e  mechanical mix ing requ i red  t o  keep 
the  beads suspended i s  so severe t h a t  c e l l s  a re  damaged and d is lodged from 
the  bead surface by h igh  shear o r  bead-to-bead c o l l i s i o n s .  

Compari sons o f  commercial l y  ava i l  ab1 e m i c r o c a r r i e r  beads and d iscuss ions i n  
c e l l  c u l t u r e  workshops i n d i c a t e  t h a t  there  may be many reasons t o  study c e l l  
c u l t u r e  technology under cond i t ions  o f  m ic rog rav i t y  (6,7). The e l i m i n a t i o n  
o f  g r a v i t y  dependent sedimentat ion o f  c e l l s  and bubble bouyancy may prov ide  
new i n s i g h t  i n t o  ca re fu l1  con t ro l  o f  c u l t u r e  environments. Gent le mix iny  t o  
insure  adequate mass t ranspor t  could be achieved wh i le  ma in ta in ing  p rec i se  
c o n t r o l  o f  l o c a l  temperature, pH, d isso lved oxygen, shear, n u t r i e n t  mix ing,  
e tc .  i n  a manner here to fo re  no t  poss ib le  i n  Ear th based labo ra to r ies .  F igure  
1 i s  a l i s t  o f  s tud ies  and workshops conducted by the  Johnson Space Center t o  
i d e n t i f y  research t o p i c s  and experiments which are needed t o  support  t h e  
development o f  a suspension type Space B ioreac tor  t o  be used f o r  p r e c i s i o n  
c o n t r o l  1 ed c e l l  c u l t u r e  s tud ies  i n  micrograv i  ty. 

Re1 ated Space Experiments and Ce l l  Cu l tu re  Systems 

Studies of p o t e n t i a l  advantages o f  suspension c e l l  c u l t u r e  technology i n  
micro-(; w i l l  on ly  be v a l i d  i f  any d i r e c t  e f f e c t  o f  t h i s  environment on c e l l  
f unc t i on  i s we1 1 understood. Ear l  v exDeriments w i t h  c e l l  s growing under 
weight lessness i nd i ca ted  t h a t  the  c e f l  dens i ty  o f  S. t himurium was i i g n i f i -  
c a n t l y  h igher  than the  one obtained i n  the  ground -4- con t ro  experiment (13).  
The most notewor thy o f  several i n t e r p r e t a t i o n s  i nc lude  t h e  random d i  s t r i b u -  
t i o n  o f  c e l l s  i n  t h e  c u l t u r e  l i q u i d  r e s u l t i n g  i n  enhanced e f f i c i e n c y  o f  
n u t r i e n t  t r a n s f e r  i n t o ,  and waste t ranspor t  fran, the  c e l l s .  There a l so  
cou ld  have been some improvement i n  the  oxygen supply due t o  d i f f e rences  i n  
gas - l i qu id  mixing. Only one we l l  c o n t r o l l e d  experiment has been c a r r i e d  ou t  
i n  growth o f  human WI-38 c e l l s  dur ing  t h e  Skylab miss ion  (14) . Normal yrowth 
was observed along w i t h  normal m i t o t i c  index and s u b c e l l u l a r  s t ruc tu re .  
There was a small change i n  glucose u t i l i z a t i o n ,  however. Th is  was con- 
s idered inconc lus ive  by the  i nves t i ga to rs .  

Experiments on Spacelab 1 showed over a 95% reduc t ion  i n  the  a b i l i t y  o f  human 
lymphocytes t o  respond t o  ConA mitoyen (15). A change i n  glucose consumption 
was a l so  noted b u t  not  considered s i g n i f i c a n t  u n t i l  experiments could be 
repeated w i th  an on-board one-G con t ro l .  Other experiments showed an 
increase i n  pro1 i f e r a t i o n  o f  He1 a c e l l  s ,  chicken embryo f i b r o b l a s t s  and m i  t o -  
gen s t imu la ted  lymphocytes o f  up t o  30% due t o  hypergrav i ty  o f  10-G w h i l e  
glucose u t i l i z a t i o n  r a t e  was unchanged from one-G (16). Experiments on 
S h u t t l e  miss ions 7 and 8 were performed t o  determine the  attachment e f f i -  
c i ency  o f  normal human kidney c e l l s  t o  col  lagen-coated m i c r o c a r r i e r  beads. 
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It was expected t h a t  the  attachment r a t e  would be reduced a f t e r  mix ing i n  
m ic roy rav i t y ,  s ince the  on ly  oppor tun i ty  would be random c o l l i s i o n s  whi le  the  
c e l l s  and beads f l oa ted  f ree  i n  the  c u l t u r e  medium. However, the  r e s u l t s  
showed a s i g n i f i c a n t  increase i n  attachment f o r  the f l i g h t  samples vs. t he  
ground cont ro l  experiment (17) .  Wi th in  3 hours, the c e l l  attachment (based 
on the  average number o f  s i n g l e  c e l l s  per bead) was 50% greater  i n  microyrav- 
i t y  than on Earth. Once attached, both the f l i g h t  and ground con t ro l  c e l l s  
yrew a t  the  same r a t e  dur ing  the  f i r s t  25 hours. C e l l - t o - c e l l  attachment was 
a1 so grea ter  among the  c e l l  s f r e e - f l  oa t ing  i n  weight1 essness. Future exper i -  
ments are planned t o  g i v e  grea ter  i n s i g h t  i n t o  the  attachment mechanisms. 
However, p r a c t i c a l  imp l i ca t i ons  inc lude the  p o s s i b i l i t y  o f  seeding microcar-  
r i e r  c u l t u r e s  i n  i n i c roy rav i t y  and the knowledge t h a t  c e l l s  could rea t tach  t o  
m i c r o c a r r i e r  i f  they cane o f f  t he  bead surface i n  s lowly  mixed space b io re -  
ac t  o r  s . 
Considerat ions f o r  Cu l tu re  o f  Mammalian Ce l l s  i n  M ic rog rav i t y  

The bas ic  approach o f  NASA s c i e n t i s t s  t o  determine what f a c t o r s  must be 
inc luded i n  the  design o f  d e t a i l e d  c e l l  c u l t u r e  experiments was t o  have 
i n d u s t r i a l  b i o r e a c t o r  exper ts  study the  m e r i t s  o f  suspension c e l l  c u l t u r e  
systems and t h e i r  app l i ca t i ons  i n  space. The d e f i n i t i v e  study (18) was per- 
formed by Drs. Nyir i  and Toth a t  Fermentation Design, Inc. i n  1976. They 
recommended a per fus ion  reac to r  system w i t h  an ex terna l ,  c e l l  f ree ,  medium 
c i r c u l a t i o n  l oop  t o  prov ide resupply of oxygen, n u t r i e n t s ,  and scavaging of  
waste products  using ho l low f i b e r  d i a l y s i s  type membrane systems. The 
s tud ies  s p e c i f i e d  t h a t  t h e  development o f  a dedicated microprocessor c o n t r o l  
system was essent ia l  t o  the  proper operat ion and data a c q u i s i t i o n  requ i red  
dur ing  space f l i g h t .  Further,  they evaluated the  commercial p o t e n t i a l  o f  
such a system and i d e n t i f i e d  several hormones and c e l l  secretory  products as 
va luable enough t o  warrant the  e x t r a  cos ts  o f  product ion i n  space. 

F igure  2 summarizes the  general approach taken by t h e  NASA Bioprocessing pro- 
gram i n  t h e  development o f  t h e  f i r s t  Space Bioreactor .  

Based on t h e  i n t e r e s t  generated by these s tud ies  and the  r e s u l t s  o f  a 1976 
Colloquium on Bioprocessing i n  Space (19) a formal proposal t o  develop a 
Space B io reac to r  f l i g h t  u n i t  was approved by NASA i n  1978. Thereaf ter ,  
several  workshops were he ld  w i t h  researchers t o  de f i ne  experiments and t y p i -  
ca l  science requirements f o r  t he  design engineers. Major conclusions o f  t he  
c e l l  c u l t u r e  workshops i d e n t i f i e d  several areas wherein the absence o f  grav- 
i t y  dependent phenomena i n  the  c u l t u r e  environment could p rov ide  unique 
i n s i g h t  i n t o  c e r t a i n  c e l l  f unc t i ons  and i n t e r a c t i o n s  between t h e  c e l l  and i t s  
micro-envi  rorment . Figure  3 shows t h e  var ious  areas where s c i e n t i s t s  
be l ieved t h a t  c e l l  c u l t u r e  i n  micro-(; could p rov ide  new in fo rma t ion  on t h e  
bas ic  biodynamics o f  mammalian c e l l s .  

The ob jec t i ves  of t h e  demonstration f l  i g h t  experiments a re  shown on F igure  
4. Growth o f  normal human c e l l s  was se lected because they are anchorage 
dependent and extremely f r a g i l e .  Therefore these c e l l s  are very d i f f i c u l t  t o  
grow on Ear th  i n  suspension c u l t u r e  systems. I n  space p o t e n t i a l  advantages 
of l a c k  o f  sedimentat ion and bubble bouyancy could enable opera t ions  w i th  
very  g e n t l e  mix ing  and minimum turbulence t o  reduce shear e f f e c t s  on t h e  
c e l l s .  The bas ic  o b j e c t i v e  a l so  inc luded exp lo ra t i on  o f  product harves t ing  
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techniques and p r i n c i p l e s  o f  bas ic  c e l l  c u l t u r e  operat ion under mic royrav i  t y  
condit’ons. 

NASA and academic s c i e n t i s t s  then began a reasearch program t o  study the  
s p e c i f i c  g r a v i t y  re la ted  problems which a f fec ted  t r a d i t i o n a l  and new c e l l  
c u l t u r e  techniques i n v o l v i n g  b iosyn thes is  o f  c e l l  secretory  products.  
Research reactors  were devel oped a t  two i n s t i t u t i o n s  and d i  f ferences i n  grav- 
i t y  e f fec ts  on the  process technology of  c u l t u r i n g  c e l l s  which grow f r e e l y  i n  
suspension were contrasted w i t h  problems r e l a t e d  t o  the anchorage dependent 
c e l l s .  F igure 5 shows these steps and the bas ic  cons idera t ion  f o r  t he  
i n i t i a l  design o f  the Space Bioreactor .  F igure 6 i l l u s t r a t e s  more d e t a i l s  o f  
t he  systems development and b i o l o g i c a l  systems (enzymes o f  c e l l s )  used t o  
t e s t  the  e f f i c i e n c i e s  o f  t he  prototype devices throughout th ree  phases of  
development . As ref inements were made, sensors added and mix ing techniques 
tes ted  var ious  i n d u s t r i a l  process cont ro l  systems were tested. Cul tures were 
maintained f o r  up t o  14 days w i t h  L1210 c e l l s ,  however, commercial process 
con t ro l  systems were found t o  be inadequate t o  ma in ta in  the  p rec i se  con t ro l  
requ i  red by human c e l l  s . 
%ace B i  o reac tor  Devel oDment 

I n  recent  months the  B io reac tor  Test U n i t  (BTU) been designed and f a b r i c a t e d  
t o  be accmodated i n  a volume equ iva len t  t o  two o r  th ree  middeck l ocke rs  on 
the  Shut t le .  Current concepts c a l l  f o r  an e a r l y  f l i g h t  t e s t  o f  the  bas i c  
u n i t  and sensor systems t o  v e r i f y  operat ions w i t h  f a s t  enzyme reac t ions  
be fore  a major f l i g h t  experiment i s  conducted w i t h  l i v e  k idney c e l l s .  
Designs are a l so  consider ing accommodations i n  the  Spacelab racks or  spec ia l  
middeck experiment racks. 

The bas ic  func t i ona l  requirements f o r  c u l t u r i n g  human c e l l  s on m i c r o c a r r i e r  
beads f o r  7 t o  10 days on o r b i t  are shown i n  F igure  7. Unique cons idera t ions  
i nc lude  no gaseous headspace i n  the  reac t i on  vessel, sensors i n  t h e  medium 
c i r c u l a t i o n  loop ( t o  e l im ina te  turbulence i n  the  reac tor  vessel )  and f low/  
pressure c o n t r o l s  t o  ma in ta in  pressures a t  o r  below 20 p s i a  ( t o  e l i m i n a t e  
e f f e c t s  o f  pressure on c e l l  func t ions)  . Prac t i ca l  cons idera t ions  are a l so  
inc luded based on our experience w i t h  l i m i t e d  access t o  b i o l o g i c a l  exper i -  
ments i n  t h e  middeck wh i l e  t h e  S.hutt le i s  on the  launchpad. 

Design and operat ional  requirements f o r  major componets o f  t h e  system are 
l i s t e d  i n  F igure 8. The c u l t u r e  vessel design i s  based on an adaptat ion o f  
two innovat ions  by i n d u s t r i a l  researchers. We decided t o  use our own ve rs ion  
o f  a sp in  f i l t e r  type c u l t u r e  system o r i g i n a l l y  designed by Thayer a t  A r thu r  
D. L i t t l e  Co. (20). This a l lows continuous removal o f  c e l l - f r e e  medium from 
t h e  reac to r  vessel. We a lso  decided t o  separate t h e  mix ing  and sp inn ing f i l -  
t e r  func t ions  by using separate magnetic d r i v e s  which a1 lows independent con- 
t r o l  needed f o r  very slow s t i r r i n g  dur ing  the  f l i g h t  p o r t i o n  o f  the exper i -  
ment. The vessel volume was l i m i t e d  t o  500 m l  . because o f  t he  d i f f i c u l t y  i n  
ma in ta in ing  a l a r g e  supply o f  human e p i t h e l i a l  k idney c e l l s  from the  same l o t  
t o  reduce in ter -exper imenta l  var ia t ions .  The t a r g e t  shear range f o r  on-orb i t  
operat ions was determined prev ious ly  by researchers a t  Rice U n i v e r s i t y  i n  
f l ow  chamber s tud ies  o f  shear e f f e c t s  on kidney c e l l s  which secrete urokinase 
(21) . The c e l l  number t o  medi m r a t i o s  must be kept w i t h i n  125% o f  t he  most 
e f f e c t i v e  s t a t i c  c u l t u r e s  t o  i nsu re  t h a t  t h e  c e l l s  w i l l  be ab le t o  c o n d i t i o n  
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t h e  medium f o r  maximum v i a b i l i t y  and product secre t ions .  The m i x i n g  dev ice  
chosen was based on a recent  des iyn  by Feder & T o l b e r t  a t  Monsanto Co. (22)  
us ing f l e x i b l e  s p i r a l  vanes which helped t o  min imize tu rbu lence and bead t o  
i m p e l l o r  c o l l i s i o n  damaye. Our des iyns c a l l  f o r  a co-ax ia l  arrangement o f  
t h e  f l e x i b l e  vanes and t h e  s p i n  f i l t e r  w i t h  spec ia l  designs t o  a l l o w  h i y h  
s p i n  r a t e s  on the  f i l t e r  needed f o r  h i g h  f l o w  r a t e s  (80 - 100 ml./min.) O f  
medium wi thdrawal  from t h e  r e a c t o r  vessel .  Th is  unique des ign  i s  comple- 
mented by p r o v i s i o n s  f o r  a1 t e r n a t i n g  backwash r o u t e s  us ing the  medium r e t u r n  
f low t o  keep t h e  s p i n  f i l t e r  from clogging.  

Process c o n t r o l  c o n s i d e r a t i o n s  i n c l u d e  a custom microprocessor  c o n t r o l  system 
t o  c o n t r o l  t h e  b i o r e a c t o r  t o  s e t  p o i n t  values, a u t o m a t i c a l l y  l o g  sensor d a t a  
and p r o v i d e  minimum i n t e r f a c e  w i t h  t h e  f l  ightcrew.  Our requirements i n c l u d e  
t h e  c a p a b i l i t y  t o  i n t e r f a c e  t h e  process c o n t r o l l e r  w i t h  a small personal com- 
p u t e r  ( v i a  RS-232) which i n  t u r n  can operate o f f - l i n e  t o  per form s t a t i s t i c a l  
a n a l y s i s  o f  data,  and p r e d i c t i o n  of  adverse t r e n d  i n t e r c e p t i o n  o f  a l e r t  o r  
a larm s e t  p o i n t s .  The c a p a b i l i t y  t o  update t h e  process c o n t r o l l e r  w i t h  s o f t -  
ware commands from t h e  "superv isory  computer" has a l s o  been designed i n t o  t h e  
system . 
The f low diagram o f  t h e  r e a c t o r  vessel ,  f l u i d  loop,  oxygenator and t h e  pro- 
t e i n  c o n c e n t r a t i o n  s ide loop i s  i l l u s t r a t e d  i n  F i g u r e  9. D e t a i l e d  des igns  
w i l l  be considered i n  l a t e r  papers by Cross I(r Bowie, however, spec ia l  ment ion 
should be made f o r  p o s i t i o n  o f  t h e  sensor b l o c k s  which a l l o w s  c a l c u l a t i o n s  o f  
c e l l  metabol ism from t h e  d i f f e r e n c e  i n  DO2 and CO2 l e v e l s  i n  t h e  i n p u t  and 
t h e  o u t f l o w  from t h e  r e a c t i o n  vessel . P r o v i s i o n s  have been made t o  add con- 
c e n t r a t e d  c u l t u r e  medium, ac id  o r  base f o r  pH c o n t r o l ,  d i a l y s i s  t y p e  h o l l o w  
f i b e r  r e f e e d  system (wh ich  a l s o  can a c t  as a r e p o s i t o r y  f o r  accumulat ing 
m e t a b o l i c  wastes). A m i c r o g r a v i t y  bubble t r a p  has a l s o  been i n c l u d e d  t o  
remove any bubbles formed by gas d i s s o l u t i o n  d u r i n g  temperature o r  p ressure  
changes and t o  t r a p  any gas bubbles which may be i n j e c t e d  i n t o  t h e  medium 
c i r c u l a t i o n  l o o p  should t h e  Oxygenator membrane develop a l e a k  d u r i n g  t h e  
f l i g h t .  The f u n c t i o n  o f  t h e  h i g h  molecu la r  weight f i l t e r  l o o p  i s  t o  remove 
serum p r o t e i n s  from growth m e d i m  b e f o r e  changeout t o  maintenance medium when 
c e l l s  a r e  c o n f l u e n t  and t o  p e r i o d i c a l l y  ( e v e r y  3 or 4 days) c o n c e n t r a t e  a 
sample of  t h e  c i r c u l a t i n g  medium f o r  product  assays. 

P1 anned F1 i g h t  Tes ts  

The i n i t i a l  f l i g h t  t e s t  requi rements f o r  t h e  f i r s t  t w o  miss ions  are  shown i n  
F i g u r e  10. The s e l e c t i o n  o f  human kidney c e l l s  i s  based on some e i g h t  years  
of  in-house exper ience w i t h  those e p i t h e l i a l  c e l l s  which produce urok inase,  
one o f  t h e  few pharmaceut ica ls  approved f o r  p r o d u c t i o n  from normal human 
c e l l s  grown i n  mass c u l t u r e .  A lso our  l a b o r a t o r i e s  have e x t e n s i v e  exper ience 
w i t h  d e t a i l e d  methods t o  screen c e l l  l o t s  t o  i n s u r e  t h a t  they  a r e  normal, 
h e a l t h y ,  and hardy enough t o  w i ths tand t h e  r i g o r s  o f  space f l i g h t  e x p e r i -  
ments. These c e l l s  have a l s o  been f lown i n  space severa l  t imes by our 
research  group i n v o l v e d  i n  separa t ion  o f  k idney c e l l s  i n  space by f r e e - f l u i d  
e l e c t r o p h o r e s i s  techniques. 

Several concepts f o r  sc ience o b j e c t i v e s  o f  planned e a r l y  f l i g h t  t e s t s  of t h e  
Space B i o r e a c t o r  a r e  l i s t e d  i n  F i g u r e  11. The major  emphasis i s  on C u l t u r e  
i n  environmental  regimes which a r e  imposs ib le  i n  one-G. These i n c l u d e  C e l l s  
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main ta ined i n  a very  low shear f i e l d  prov ided by slow g e n t l e  mix ing  which i s  
p o s s i b l e  i n  m i c r o g r a v i t y .  Another t a n t a l i z ’ n y  area i s  the  c u l t u r e  o f  c e l l s  
i n  the l i q u i d  phase o f  a c o n t r o l l e d  foam or  bubbly  c u l t u r e  medium comprised 
o f  oxyyen bubbles which have no bouyancy n o r  do t h e  coalesce r e a d i l y  i n  
in jc royrav i  ty.  Other suggested experiments i n v o l v e  s t u d i e s  o f  a r t i f i c i a l  
oxygen c a r r i e r  emu1 s ions and s p e c i f i c  c e l l  phys io logy under qu iescent  c u l t u r e  
c o n d i t i o n s  i n  space. More d e t a i l s  a re  prov ided i n  t h e  Appendix A ,  t h e  D r a f t  
o f  t h e  Space B i o r e a c t o r  Science Requirements Document which was handed o u t  
f o r  re fe rence a t  t h i s  meeting. 

, 

F i n a l l y ,  i t  should be obvious t h a t  experiments i n v o l v i n g  human c e l l  c u l t u r e s  
and suspension b i o r e a c t o r s  w i l l  p rov ide  bas ic  eng ineer iny  da ta  on t h e  des ign  
c o n s i d e r a t i o n s  requ i red  f o r  most apparatus t o  c u l t u r e  c e l l s  i n  t h e  absence o f  
y r a v i t y .  Once these p r i n c i p l e s  a re  understood c e l l  c u l t u r e  systems can be 
developed t o  p rov ide  l i v e  c e l l s  on o r b i t  f o r  c e l l  b i o l o y y  and o t h e r  types of 
b ioprocess iny  r e l a t e d  s t u d i e s  i n  m i c r o g r a v i t y .  Should the  expected advan- 
tayes o f  micro-(; be g r e a t  enough i t  i s  p o s s i b l e  t h a t  a Space B i o r e a c t o r  cou ld  
become t h e  feeder f a c i l i t y  i n  a mu1 t i - s t e p  b ioprocess iny  system, wherein t h e  
c e l l  p roduc ts  would be harvested from t h e  b i o r e a c t o r  and fed t o  a Cont inuous 
F1 ow E l e c t r o p h o r e s i s  System o r  o t h e r  product  p u r i f i c a t i o n  d e v i c e  which can 
i s o l  a t e  pure phannaceut i c a l  s d i  r e c t  f rorn concentrated cu l  t u r e  medi urn. 
A l ready t h e  second phase o f  t h i s  t y p e  o f  b ioprocess i n  space has been demon- 
s t r a t e d  by commercial CFES p u r i f i c a t i o n s  on STS-4,6,7,8 and o t h e r  f l i g h t s .  
Such a m u l t i - s t e p  b ioprocess  i s  a good candidate f o r  commerc ia l ly  o r i e n t a t e d  
research  on t h e  U.S. Space S t a t i o n .  
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F igure  1 

BIOREACTOR STUDIES 

"Space B iosynthes is  Systems" - Contract  NAS9-14961 by Fermentat i  on 
Design Inc., Bethlehem, PA. I n v e s t i g a t o r :  L.K. Ny i r i ,  Ph.D. and 
G.M. Toth, Ph.D. 

Proposal t o  develop experiments f o r  mu1 t i  purpose Space B i  o r e a c t o r  
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F i g u r e  1 1  

EXPERIMENTS ~ I T H  H U Y A N  C E L L S  (ATTACHED T O  M I C R O C A R R I E R S )  

A .  EFFECTS OF SHEAR STRESS 

- Low SHEAR 10-40 D Y N E S / C M ~  

- TARGET EXACT SHEAR R A N G E  TO STIMULATE UK SECRETIONS 

- DIRECT YEASURE OF METABOLISM - FLUROMEASURE SYSTEM 

CULTURE I N  A CONTROLLED FOAM I N  THE ABSENCE OF BOIJYANCY 

- CREATE STABLE FOAM OF o2 BUBBLES I N  CULTURE MEDIUM 

6 .  

- GROW CELLS I N  LIQUID PHASE 

- PROVIDE CONTINUAL 8, INTERMEDIATE ACCESS TO o2 SUPPLY 
WITHOUT CELLS EVER BEING EXPOSED TO G A S  PHASE 

- COMPLETELY AVOID USE OF ANTI-FOAMING AGENTS 

c. USE OF FLUOROCARBON OXYGEN CARRIERS I N  ABSENCE OF 
DENS ITY-DR IVEN SEPARATION 

- USE OF PERFLUORINATED CABON SOLVENTS (S.Gl 1.87) 

- MAINTAIN A LONG-TERM STABLE DISPERSION TO CARRY o2 
FROM OXYGENATOR TO THE CELLS I N  REACTOR VESSEL 

- EXPLORE USE OF SERUM I N  MEDIA WHERE FOAMING WILL NOT 
BE PRESENT AS I N  EARTH BASED SYSTEMS 

OTHER EXPERIMENTS TO DETERMINE DIRECT CELLULAR EFFECTS 

- ALTERATIONS OF CELL PHYSIOLOGY OR MORPHOLOGY 

- C E L L  SECRETIONS I N  MICROGRAVITY - GH, UK 

- CELLULAR EFFECTS OF MAGNETIC FIELDS I N  ABSENCE OF GRAVITY 

- ALTERATIONS I N  CYTOSKELETON, CELL MOTILITY 
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